WNTs are secreted signaling molecules which control cell differentiation and proliferation. They are known to play essential roles in various developmental processes. Wnt genes have been identified in a variety of animals, and it has been shown that their amino acid sequences are highly conserved throughout evolution. To investigate the role of wnt genes during fish development from the evolutionary viewpoint, six medaka wnt genes ( wnt4 , wnt5a , wnt6 , wnt7b , wnt8b and wnt8-like ) were isolated and their embryonic expression was examined. These wnt genes were expressed in various tissues during embryonic development, and most of their expression patterns were conserved or comparable to those of other vertebrates. Thus, these wnt genes may be useful as molecular markers to investigate development and organogenesis using the medaka. Focus was on wnt5a , which was expressed in the pectoral fin buds, because its expression pattern was particularly comparable to that in tetrapod limbs. Its detailed expression pattern was further examined during pectoral fin bud development. The conservation and diversification of Wnt5a expression through the evolutionary transition from fish fins to tetrapod limbs is discussed.
Introduction
Wnt genes encode secreted glycoproteins that mediate cell-cell signaling. The Wnt family is now recognized as one of the major families of developmentally important signaling molecules (Cadigan & Nusse 1997; Moon et al . 1997; Uusitalo et al . 1999 ). Approximately 20 different Wnt genes have been isolated in the nematode, in insects and in vertebrates, and their amino acid sequences are highly conserved across species. A large gene family such as Wnt is suitable for studying the conservation and diversification in the sequence and function of genes from the viewpoint of molecular evolution as well as developmental biology (Sidow 1992) .
The medaka is a small freshwater fish (Yamamoto 1975) which is used in developmental and genetic studies (Ozato & Wakamatsu 1994) . Although Wnt genes have been studied in zebrafish, the zebrafish is classified as a lower evolutionary group, while the medaka is classified as a middle evolutionary group, in the phylogenetic tree of teleost fish; thus, there is a great amount of evolutionary distance between them (Nelson 1994) . Therefore, comparison of wnt sequences and expression in the medaka with those in zebrafish and other vertebrates will provide useful evolutionary insights into the role of wnt genes in vertebrate molecular developmental processes.
In this study, we identified six medaka wnt genes ( wnt4 , wnt5a , wnt6 , wnt7b , wnt8b and wnt8-like ) and examined their expression patterns during embryonic development. These wnt genes showed restricted expression patterns in the brain, otic vesicle, pectoral fin buds, neural tube and tailbud, so they are useful as molecular markers in these tissues. Among the six wnt genes, it was noted that wnt5a was expressed in the pectoral fin buds. In chickens and mice, it has been reported that Wnt5a is expressed in developing limb buds (Gavin et al . 1990; Dealy et al . 1993; Parr et al . 1993; Yamaguchi et al . 1999) that are homologous to the teleost fish paired fins. We further studied the expression pattern of wnt5a in the developing pectoral fin buds, and we discuss the conservation and diversification of Wnt5a expression in the appendage, considering the morphological difference between teleost fish fins and tetrapod limbs. 
Materials and Methods

Fish
An inbred strain, HNI-I, was used for preparing the genomic DNA used as a polymerase chain reaction (PCR) template. The orange-red strain was used for whole-mount in situ hybridization analysis. This strain is suitable for the observation of samples, because it has no melanophore. Fish were maintained at 26 Њ C under a 14 h light : 10 h dark cycle. Embryos were obtained by natural spawning and staged according to Iwamatsu's stage (Iwamatsu 1994) .
PCR-mediated cloning of medaka wnt genes
To clone medaka wnt genes, degenerate oligonucleotide primers were designed to amplify fragments of approximately 400 bp in the C-terminal region of the gene. The 5 Ј primer (5 Ј -TGCAAA/GTGC/ TCAC/TGGA/GA/GTGTC-3 Ј ) corresponding to amino acids CKCHGVS and the 3 Ј reverse primer (5 Ј -ACA/ GTAGCAGCACCAA/GTGA/GA/TA-3 Ј ) corresponding to amino acids FHWCCFV were synthesized. PCR was performed with Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) using medaka genomic DNA as a template, with degeneration for 1.5 min at 94 Њ C, annealing for 1.5 min at 55 Њ C and extension for 2 min at 72 Њ C, for a total of 30 cycles. The reaction mixture expected to contain several wnt fragments was subcloned into the Sma I site of the pUC119 vector.
DNA sequencing and analysis
The nucleotide sequences were determined by the dideoxy chain termination method (Sanger et al . 1977) . DNA sequencing was performed with an automatic DNA sequencer (LI-COR model 4000 L; Aloka, Tokyo, Japan), using a dye primer cycle sequence kit, the Thermo Sequenase fluorescent labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech, Tokyo, Japan). The nucleotide sequences and deduced amino acid sequences were analyzed with the DNASIS program (Hitachi Software, Yokohama, Japan).
Preparation of digoxigenin-labeled RNA probes
To synthesize RNA probes for in situ hybridization, PCR fragments that had been cloned in the pUC119 vector were isolated and re-cloned into pBluescript, which has promoters for in vitro transcription. After linearization of clones with appropriate restriction enzymes, digoxigenin (DIG)-labeled RNA probes were generated using T3 or T7 RNA polymerases with a DIG RNA labeling kit (Boehringer Mannheim, Mannheim, Germany), according to the manufacturer's instructions.
Whole-mount in situ hybridization
Embryos were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4 Њ C. Fixed embryos were dechorionated manually with precision tweezers and washed twice for 10 min with PBS plus 0.1% Tween-20 (PBST). The embryos were dehydrated in methanol and bleached with 5% H 2 O 2 in methanol for 40 min. The embryos were stored at -20 Њ C in methanol until use.
After rinsing with PBST, the embryos were treated with 5 µ g/mL proteinase K in PBST for 10 min. The embryos were then rinsed with 2 mg/mL glycine in PBST twice for 5 min, washed with PBST, refixed with 4% paraformaldehyde and 0.2% glutaraldehyde in PBST for 20 min, and washed with PBST. Prehybridization was performed for 2 h in the prehybridization mixture (50% formamide, 50 µ g/mL heat-denatured calf thymus DNA, 5 µ g/mL Escherichia coli tRNA, 25 µ g/mL heparin, 0.1% Tween-20, 2.5 ϫ standard saline citrate (SSC)). Then, prehybridization mixture was replaced with the hybridization mixture containing the DIG-labeled RNA probe (1 µ g/mL), and the embryos were incubated at 57 Њ C overnight. After hybridization, the embryos were washed with 5 ϫ SSC for 10 min, with 2 ϫ SSC in 50% formamide at 65 Њ C for 30 min, and with 2 ϫ SSC for 10 min. RNase treatment (40 µ g/mL RNase A) was carried out in RNase buffer (10 m M Tris-HCl pH 8.0, 0.5 M NaCl) at 37ЊC for 1 h. The embryos were washed with 2ϫ SSC for 10 min, with 2ϫ SSC in 50% formamide at 65ЊC for 30 min, and with 0.2ϫ SSC at 55ЊC for 15 min. After rinsing with maleic acid buffer (MAB) plus 0.1% Tween-20 (MABT), the embryos were incubated at 4ЊC for 90 min in blocking solution (2% fetal bovine serum, 0.2% Tween-20, 0.2% Triton X-100 in MAB). Alkaline phosphatase (AP)-coupled anti-DIG Fab fragments (1:8000 in blocking solution) were added to the fresh blocking solution. After overnight incubation at 4ЊC, the embryos were washed three times with the blocking solution for 30 min and three times with AP Fig. 2 . A molecular phylogenetic tree constructed by the neighbor-joining method using the amino acid sequences of the C-terminal domains of the WNT family proteins. WNT8L, WNT8-like; M, mouse (Gavin et al. 1990; Bouillet et al. 1996; Richardson et al. 1999) ; X, Xenopus (Christian et al. 1991a (Christian et al. , 1991b McGrew et al. 1992; Wolda & Moon 1992; Cui et al. 1995) ; Z, zebrafish (Krauss et al. 1992; Kelly et al. 1995; Ungar et al. 1995; Blader et al. 1996) ; T, tuna (Sidow 1992). reaction buffer (100 mM Tris-HCl pH 8.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20, 1 mM levamizole) for 10 min. The signal was visualized by staining with BM purple (Boehringer Mannheim) with shading, and stopped when the background levels became high. Samples were stored in 4% paraformaldehyde in PBS.
Preparation of frozen sections
The specimens after whole-mount in situ hybridization were soaked in 20% sucrose in PBS overnight. The samples were embedded in OCT compound (Miles, Elkhart, IN, USA) and frozen in liquid nitrogen. Frozen sections were prepared using a frozen microtome, cryostat CM-3000 (Leica, Heidelberg, Germany).
Results
Molecular cloning of medaka wnt genes
Six medaka wnt-related genes (wnt4, wnt5a, wnt6, wnt7b, wnt8b and wnt8-like) were isolated ( Fig. 1) . Based on the deduced amino acid sequence, medaka WNT4 showed 90% amino acid identity with zebrafish WNT4, medaka WNT5A showed 84% identity with mouse WNT5A, medaka WNT6 showed 95% identity with tuna WNT6, and medaka WNT7B shared 77% identity with zebrafish WNTC and 74% identity with mouse WNT7B. Although medaka WNT8B showed 100% identity with tuna WNT8, we designated it as medaka WNT8B, because it was more similar to WNT8B than to WNT8 in zebrafish and Xenopus (Fig. 1) . The sixth clone showed low homology with all known Wnts (Fig. 1) . Its disposition of cysteine residues showed the pattern that is seen specifically in WNT8 subfamily proteins. The sixth clone was similar to zebrafish WNT8; however, the identity of their amino acid sequences was no more than 64%. Thus, this gene was considered to be a novel member belonging to the Wnt8 subfamily and was tentatively termed wnt8-like.
A molecular phylogenetic tree was constructed using the neighbor-joining (NJ) method (Saitou & Nei 1987 ) using the amino acid sequences of the C-terminal domains of Wnt family members (Fig. 2) . It was confirmed that wnt8-like belongs to the Wnt8 subfamily and is diversified among the Wnt8 subfamily (Fig. 2) .
Expression of medaka wnt genes during embryogenesis
The spatial expression pattern of six medaka wnt genes was analyzed in embryos from stage 14.5 (40% epiboly) to stage 39 (hatching stage) by wholemount in situ hybridization. Expression of wnt6 and wnt7b was not detected. We describe here the expression pattern of medaka wnt4, wnt5a, wnt8b and wnt8-like.
wnt4. Expression of wnt4 was observed in part of the forebrain and otic vesicle, and the dorsoaxial part of the trunk at stage 22 (9-somite, 1 day 14 h (1d14h) after fertilization) (Fig. 3A,B) . Expression in the trunk gradually intensified from around the rostral tip of the spinal cord and disappeared from the tip of the tail (Fig. 3A) . At stage 22, the forebrain has already differentiated from the cerebral vesicle and subdivides into the telencephalon and diencephalon by stage 24 (16-somite, 1d20h). The expression of wnt4 in the brain was restricted to the caudal part of the forebrain at stage 22 (Fig. 3A,B) , and was detected in the diencephalon at stage 24 (Fig. 3C) .
The detailed expression pattern of wnt4 was revealed by frozen sections. At stage 22, expression of wnt4 was limited to the dorsal part of the forebrain (Fig. 3D) . Expression around the otic vesicle was restricted to the medial part, mainly around the boundary of the otic vesicle and surrounding mesodermal tissue (Fig. 3E) . In the trunk, wnt4 was expressed in the neural tube, and no differences in expression were observed between the dorsal part and the ventral part (Fig. 3F ).
wnt5a. Expression of wnt5a was detected in the tailbud at stage 20 (4-somite, 1d8h). At stage 25 (18-somite, 2d2h), wnt5a was expressed in the entire tailbud (Fig. 4A,B) . Expression gradually became weaker during development, and was restricted to a narrow area and finally to the tip of the tailbud (data not shown). During morphogenesis of the pectoral fins, wnt5a was expressed in the fin buds. Details of wnt5a expression in the pectoral fin buds are described in the next section.
wnt8b. Expression of wnt8b was detected at stage 22 (9-somite, 1d14h) in two regions of the head. Rostrally, expression was observed in the presumptive diencephalic region of the forebrain and its adjoining part of the optic vesicle. A single-stripe expression was seen in the presumptive midbrain-hindbrain boundary (Fig. 5A) . At stage 24 (16-somite, 1d20h), expression observed in the forebrain extended to the diencephalon and anterior part of the midbrain. The posterior expression domain corresponded to the midbrain-hindbrain boundary. At this stage, the wnt8b-expressing region in the optic vesicle was observed in its lateral part (Fig. 5B) . In frozen sections, wnt8b was expressed only at the dorsal part in both the brain and optic vesicle (Fig. 5C). wnt8-like. At stage 14.5 (40% epiboly, 16 h), wnt8-like was expressed in the blastoderm margin, except for one region (Fig. 6A) . This non-expressing domain corresponded to the embryonic shield, which was thicker than its surroundings. The domain for wnt8-like expression was completely changed to the late embryonic shield, the presumptive tailbud, by stage 16 (80% epiboly, 21 h; Fig. 6B ). At stage 25 (18-somite, 2d2h), expression was observed in the tip of the tailbud (Fig. 6C,D) .
Pectoral fin development and wnt5a expression
At stage 27 (2d10h), pectoral fin buds are formed beside the trunk at the caudal region of the Cuvierian ducts which extend to the yolk surface. Up to this stage, no distinct wnt5a expression was observed. The pectoral fin buds are recognizable under a dissecting microscope at stage 28 (2d16h). At approximately stage 29 (3d2h), the initial wnt5a expression was detected at the center of the fin buds (Fig. 7A) . Expression became gradually stronger (Fig. 7B ) and was the strongest at stage 31 (3d23h) during pectoral fin development (Fig. 7C) . Expression became considerably weaker after stage 32 (4d5h; Fig. 7D ) and was no longer detected in the pectoral fin buds by stage 34 (5d1h; data not shown).
Spatial distribution of wnt5a transcripts was further studied using frozen sections. At stage 29, the signal for wnt5a transcripts was detected in the apical ectodermal ridge (AER) and surrounding surface ectoderm, but not clearly in the fin bud mesenchyme (Fig. 8A) . At stage 31, the highest level of expression was observed in the AER (Fig. 8B) . In addition to the surface ectoderm, expression was observed in the fin bud mesenchyme (Fig. 8B) . Along the dorsoventral axis of the pectoral fin bud, stronger expression was observed in the ventral portion, in both the surface ectoderm and mesenchyme (Fig. 8B) . Along the proximodistal axis, expression was stronger in the distal region than in the proximal region (Fig. 8B) .
In summary, wnt5a expression in the pectoral fin buds began in the surface ectoderm at stage 29, mainly in the AER. The level of expression increased gradually, and reached a peak at stage 31. At this stage, wnt5a was expressed in the surface ectoderm and mesenchyme of the fin buds. Expression was stronger in the ventral part than in the dorsal part, and stronger in the distal part than in the proximal part, in both the surface ectoderm and mesenchyme. 
Discussion
Wnt gene family in teleost fish
It is known that the C-terminal region of the WNT family proteins is highly conserved. Taking advantage of this protein structure, PCR-based cloning of Wnt family genes has been demonstrated in mice (Gavin et al. 1990) , Xenopus (Christian et al. 1991a; Wolda & Moon 1992) , chickens (Hollyday et al. 1995) and zebrafish (Krauss et al. 1992) . In the present study, we cloned six medaka wnt genes using the same strategy.
Five of the cloned wnt genes were designated as wnt4, wnt5a, wnt6, wnt7b and wnt8b, according to the homology of their deduced amino acid sequences to known Wnt family sequences (Fig. 1) . The sixth clone, wnt8-like, seems to belong to the wnt8 subfamily, based on its deduced amino acid sequence and disposition of cysteine residues (Figs 1,2) . The expression pattern of medaka wnt8-like is almost identical to that of zebrafish wnt8 (Fig. 6A-D) . However, the identity of their amino acid sequences is very low (64%). Therefore, it is difficult to determine whether this gene is the medaka orthologue of Wnt8 or an additional gene belonging to the Wnt8 subfamily; thus, we tentatively designated it as wnt8-like (Figs 1,2) . Isolation of full-length cDNA of wnt8-like will provide a more accurate classification of this gene.
In addition to the wnt5a cloned in the present study, we have already cloned medaka wnt5b (Fig. 2 ) (Yokoi et al. unpubl. data, 1998) , revealing that the medaka has both wnt5a and wnt5b. This is consistent with the fact that duplication of Wnt5, giving rise to (3d23h), wnt5a expression reaches the highest level, and is seen not only in the surface ectoderm but also in the fin bud mesenchyme. Strongest expression is seen at the AER, and expression in the dorsal part of the fin buds is stronger than that in the ventral part. d, dorsal; dis, distal; pro, proximal; v, ventral. Wnt5a and Wnt5b, occurred before the diversification of jawed vertebrates (Sidow 1992) . In zebrafish, ZfWnt5 (a zebrafish Wnt5 subgroup gene) has been identified, which is more closely related to Wnt5b than to Wnt5a (Blader et al. 1996) (Fig. 2) . Thus, the first Wnt5a in teleost fish was identified in the present study.
In teleost fish, 11 wnt genes (wnt1, wnt1-related (zwntd), wnt2, wnt3 (zwnta), wnt4, wnt5b (ZfWnt5), wnt7b (zwntc), wnt8, wnt8b, wnt10a and wnt11) in zebrafish (Molven et al. 1991; Krauss et al. 1992; Kelly et al. 1993 Kelly et al. , 1995 Ungar et al. 1995; Blader et al. 1996; Makita et al. 1998) and two wnt genes (wnt6 and wnt8) in tuna (Sidow 1992) have been identified. In the present study, we have identified six wnt genes (wnt4, wnt5a, wnt6, wnt7b, wnt8b and wnt8-like) in the medaka, of which wnt5a, wnt6 and wnt8-like have not been isolated in the teleost fish. This indicates that at least 14 wnt genes exist in the teleost fish.
Expression of wnt genes during medaka morphogenesis
The expression of wnt5a and wnt8-like was observed in the tailbud; however, there are some differences in expression patterns between these two genes. wnt8-like was expressed in the axial part of the tailbud (Fig. 6C,D) , while wnt5a was expressed in the entire tailbud (Fig. 4A,B) . These different expression patterns suggest that wnt5a and wnt8-like play distinct roles in tailbud formation.
Medaka wnt4 and wnt8b were expressed in specific neural segments and/or their boundary before their morphological differentiation. The expression patterns of wnt4 and wnt8b are compared between the developing brain of medaka and those of other vertebrate species as illustrated in Table 1 . In the medaka, the forebrain, midbrain and hindbrain differentiate from the cerebral vesicle by stage 21 (6-somite, 1d10h). Then, the forebrain subdivides into the telencephalon and diencephalon, and the hindbrain subdivides into rhombomeres by stage 24 (16-somite, 1d20h). At stage 22 (9-somite, 1d14h), wnt4 was expressed in the posterior part of the forebrain, the presumptive diencephalon (Fig. 3A,B) . At stage 24, expression of wnt4 was observed in the diencephalon (Fig. 3C) . A similar expression pattern of zebrafish wnt4 in the diencephalon is also observed (Ungar et al. 1995; Blader et al. 1996) . In contrast, Xenopus wnt4 is expressed in the midbrain and rhombomeres (McGrew et al. 1992) , chicken wnt4 is expressed in the midbrain (Hollyday et al. 1995) , and mouse Wnt4 is not expressed in the brain (Parr et al. 1993) (Table 1) .
Medaka wnt8b was expressed in the forebrainmidbrain boundary and midbrain-hindbrain boundary at stage 21 (Fig. 5A) . Then, expression of wnt8b was detected in the region from the diencephalon to the anterior part of the midbrain and in the midbrainhindbrain boundary in a striped pattern (Fig. 5B) . Zebrafish wnt8b is expressed in rhombomeres 1, 3 and 5 in addition to the medaka wnt8b-expressing domain. Xenopus wnt8b is only expressed in the forebrain-midbrain boundary (Cui et al. 1995) . Chicken wnt8b is expressed in the entire region from the telencephalon to the midbrain (Hollyday et al. 1995) , and mouse Wnt8b is expressed in the telencephalon (Richardson et al. 1999) (Table 1) .
These results suggest that Wnt4 and Wnt8b play important roles in establishing regional specificity and positional information of the developing brain of vertebrates. The expression patterns of medaka wnt4 and wnt8b in the developing brain are relatively similar to those of the evolutionarily closely related zebrafish, but not to those of chicken and mice, which are evolutionarily distant (Table 1) . These results suggest that the function of Wnt genes in the formation of the brain may have diversified during vertebrate evolution.
Conservation and diversification of Wnt5a expression in appendages through evolution from fish paired fins to tetrapod limbs
Ontogenesis of tetrapod limbs proceeds along three axes, namely anteroposterior, dorsoventral and proximodistal. The molecular basis establishing these three axes has been revealed recently (Tickle 1995; Johnson & Tabin 1997) . Comparative studies using zebrafish revealed the conservation and diversification of gene expression between teleost fish fins and tetrapod limbs (Krauss et al. 1993; Sordino et al. 1995 Sordino et al. , 1996 . Thus, the molecular mechanisms controlling the generation of the anteroposterior axis and proximodistal axis were discussed with respect to the course of evolution from fish paired fins to tetrapod limbs (Coates 1995) . However, little is known about the evolutionary processes of the generation of the dorsoventral axis. Along the dorsoventral axis of limb buds, Wnt5a is expressed initially in the ventral ectoderm of early limb buds, and at later stages, in the ventral distal mesenchyme (Gavin et al. 1990; Dealy et al. 1993; Parr et al. 1993) .
Medaka wnt5a was expressed initially in the ventral surface ectoderm of the pectoral fin buds with the strongest signal detected at the AER (Fig. 8A) .
Subsequently, its expression was also detected in the fin bud mesenchyme in addition to that in the ectoderm (Fig. 8B) . The signal was stronger in the ventral part than in the dorsal part, and stronger in the distal part than in the proximal part, in both the ectoderm and mesenchyme (Fig. 8B ). This expression pattern was highly similar to that of chicken and of mice Wnt5a (Gavin et al. 1990; Dealy et al. 1993; Parr et al. 1993; Yamaguchi et al. 1999) . Thus, these results suggest that molecular mechanisms controlling the generation of the dorsoventral and proximodistal axes of an appendage are conserved between the teleost and tetrapod.
In contrast, Wnt5a expression in the mesenchyme was reported to be maintained at a high level during outgrowth of the tetrapod limb bud (Gavin et al. 1990; Dealy et al. 1993; Yamaguchi et al. 1999) , while wnt5a expression in the medaka pectoral fin bud disappeared when the fin membrane started extending (data not shown). This difference may reflect the morphological difference; that is, continuous proliferation of the limb mesenchyme is required for forming the long appendage in chicken and mice, but not for forming the fish pectoral fins in which membranous structures are the main components. This hypothesis is supported by the report that truncation of the proximal skeleton and absence of distal digits were observed in Wnt5a knock-out mice (Yamaguchi et al. 1999) .
